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SUMMARY 


As part of a Stirling -engine technology study for the U. S. Depart- 
ment of Energy, a 6-kW (8-hpl. single -cylinder, rhombic -drive 
Stirling engine has been restored to operating condition, and prelimi- 
nary characterization tests run with hydrogen and helium as the work- 
ing gases. The Stirling engine, part of an engine-generator set des- 
ignated as GPU 3 (ground power unit), was built by General Motors 
Research Laboratories (GRML) in 1955 for the U. S. Army. 

Initial tests at the Lewis Research Center show the engine brake 
specific fuel consumption (BSFC) with hydrogen worieing gas to be 
within the range of BSFC observed by the Army at Fort Belvoir, 
Virginia, in 1966. The minimum system specific fuel consumption 
(SFC) observed during the Lewis tests with hydrt^en was 669 g/kW*hr 
(1. 1 lb/hp*hr), compared with 620 g/kW»hr (1.02 lb/hp.hr) for the 
Army tests. However, the engine output power for a given mean com- 
pression-space pressure was lower than for the Army tests. The ob- 
served output power at a woricing-space pressure of 5 MPa (725 psig) 
was 3.27 kW (4. 39 hp) for the Lewis tests and 3.80 kW (5.09 hp) for 
the Army tests. As expected, the engine power with helium was sub- 
stantially lower than with hydrogen. 

INTRODUCTION 

'n., 

A Stirling-engine-driven ground-power unit (GPU) was obtained 
from the U. S. Army Mobility Equipment Research and Development 
Center and restored to operating condition. The entire GPU was tested 
to obtain Stirling ermine performance and operational information. In 
addition, the Stirling engine dimensions and physical characteristics 
were measured and defined. 

This work was done in support of the U, S. Department of Energy’s 
Stirling Engine Highway Vehicle Systems Program. The Lewis Re- 
search Center, through an interagency agreement with DOE's Office 
of Conservation is responsible for project management of this effort. 
The intent of the program is to develop the technology needed to pro- 
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vide the U. S. automobile ind'jstry with the option of moving into pro- 
duction engineering for automotive Stirling engines in die mid- 1980* s. 

The Stirling engine driven GPU used in this woric was designed 
and built by General Motors Research Laboratory (GMRL) in 1965 for 
the U.S. Army. The GPU was tested by the Army in 1966 and then 
retired. It was obtained by Lewis, restored to operating condition, and 
installed in a test facility. The tests reported herein were made with 
helium and with hydrogen as working fluids. 

Fuel flow, alternator power output, mean compression-space 
pressure, heater-tube gas temperature, mean compression-space gas 
temperature, cooling-water inlet temperature, and several other pres- 
sures and temperatures were measured. Engine output power and 
specific fuel consumption were calculated and compared with the un- 
published Army data. The engine* s physical characteristics and 
dimensions, including internal volumes, were determined for use in 
computer simulation of the engine. 

APPARATUS AND PROCEDURE 
GPU 3 Stirling Ground Power Unit 

The GPU 3 electrical power generating unit (fig, 1) was obtained 
from the Army. A second, identical unit was borrowed from the 
Smithsonian Institution; it i as been used largely as a source of spare 
parts for the first unit. Both GPU 3 units are self-contained, 3-kW, 
engine-generator sets built by General Motors Research Laboratories 
for the Army. The GPU development program is discussed in refer- 
ence 1, which also includes system performance specifications and 
some test results. The GPU component development and test results 
are presented in reference 2. 

The GPU 3 units are capable of operating on a variety of fuels and 
over a broad range of ambient conditions encompassed by the following 
limits: 

i 
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Minimum temperature from sea level 


to 2430 m <8000 ft), °C (®F) 4 (40) 

Maximum temperature, (^F), at - 

Sea level 46 (115) 

2 438 m (8000 ft) 32 (90) 


Automatic controls, which were an integral part of the engine sys- 
tem, regulated fuel flow to maintain a 677® C (1250® F) hydrogen gas 
temperature within tlie heater tubes, and maintained a 3000-rpm en- 
gine speed. 

GPU 3 Engine 

The heart of the GPU 3 is Uie Stirling engine, which is capable of 
producing about 6 kW (8 hp) at a mean compression -space pressure 
of 6. 9 MPa (1000 psig) with hydrogen as the working gas. Figure 2 is 
a cross section of the GPU 3 engine showing the major internal com- 
ponents. The displacer, rhombic -drive engine was designed to operate 
with hydrogen as the working gas. The working gas occupies two spaces 
inside the engine: (1) the working space above the power piston where 
the thermodynamic cycle occurs and (2) the buffer space below the power 
piston, which is used to reduce the pressure forces on the mechanical 
linkages and to minimize piston ring sealing requirements. 

The gas in the working space is distributed in three smaller, con- 
nected volumes; (1) A compression space at the cold end of the engine 
bounded by the cylinder wall, the top of the power piston, and the bottom 
of the displacer piston: ( 2 ) an expansion space at the hot end of the en- 
gine bounded by the top of tlie displacer and the end of the cylinder; and 
(3) a dead space, which includes mainly the internal volume of the heat- 
er tubes, the regenerators, and coolers with tJie connecting passages 
that tie the compression space to the expansion space. 

Strictly speaking, the clearance volumes within the compression 
and expansion spaces are also considered dead space. Both the com- 
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pression and expansion volumes are continually varying as functions 
of the engine crank rotation: As the crank rotates, the variation in 
these volumes causes the hydrogen working gas to be alternately heated 
and cooled by the engine's heat exchangers while passing back and forth 
from the expansion space and the compression space. The total volume 
occupied by the working gas is also varying as a function of crank rota- 
tion. The net work realized for one cycle is the difference between the 
work produced by expanding hot gas and the work required to compress 
cold gas. 

The effect of dead volume is to diminish the pressure variations 
during the cycle. Although dead volume is necessary to meet the cycle 
heat-transfer requirements, it tends to reduce the work produced durii^ 
one cycle. 

Each piston is connected to a shaft, which in turn is connected to 
two rods, with each rod attached to one of the engine’s two crank shafts. 
The displacer shaft passes through the center of the power piston and 
piston shaft and attaches to the bottom pair of connecting rods. The 
power piston shaft attaches to the upper connecting rods. Detailed de- 
scription and analysis of the rhombic drive can be found in Meijer’s 
thesis (ref. 3). 

The following is a brief description of the major engine components 
and systems. Table I contains details of the engine's internal dimen- 
sions. 

Cylinder assembly . - The cylinder assembly (fig. 3) contains the 
cylinder in which both pistons ride, heater tubes, housings for ei^t 
cooler-regenerator cartridges, and water-cooling passages that supply 
water to the coolers and cool the lower cylinder wall. The cover 
shields and insulation have been removed in figure 3(a) to show the 
cooler-regenerator housing cylinders and the heater tube connections. 
Figure 3(b) is an inverted view of the partially assembled cylinder 
witn some of the cooler-regenerator cartridges. The fuel flow control 
and governor -actuated hydrogen-control valves are also shown. Thermo- 
couples to measure the gas temperature inside the heater tubes and in 
the passage between the coolers and the compression space are also 
visible on the left side of the assembly. 
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Heater tubes . - The eighty Multimet N-155 tubes used are joined 
at the top of the cylinder assembly to a common header ring; at their 
lower ends they are alternately connected to either the hot end of the 
piston cylinder or to the hot end of regenerator-cooler cylinders. The 
piston cylinder and regenerator-cooler cylinders are made of AESI 310 
stainless steel. 

Seventy-six of the heater tubes are of the same diameter. The re- 
maining four, located at 90® intervals around the cylinder assembly, 
are of sli^tly larger diameter and are offset toward the center of the 
assembly. Each of these larger tubes contains a temperature sensor 
installed from the bottom of tte cylinder assembly. The sensors are 
used to measure the working-gas temperature inside the heater tubes 
and to provide a mechanical signal for the temperature controls. Two 
types of sensors are installed: Thermocouples are used to in two of 
the larger tubes and special bimetallic sensors in the other two. 

Figure 4 is a cross section of the bimetallic temperature sensor 
and fuel-control valve installation. The temperature sensor consists 
of a stainless-steel tube with a closed end and an inner tungsten rod. 
Variations in the heater-tube gas temperature causes a change in the 
length of the outer tube. The length of the inner rod is relatively in- 
sensitive to temperature. The relative motion that results between 
the bottom end of the tube and the bottom end of the rod actuates the 
fuel control valve. 

Cooler-regenerator . - The cooler and regenerator (fig. 5) are 
fabricated and joined to form a single cartridge. The coolers are 
miniature shell and tube heat exchangers. Each cooler contains 39, 

1.52 -mm (0.060-in.) o.d. by 1.02 -mm (0.040-in.) i.d. tubes through 
which the working gas flows. The cooling water makes a single cross- 
flow pass over the tubes. The cylinder assembly water passages are 
arranged to form two parallel circuits with four coolers in series. 

The regenerators consist of 308 layers of square -weave, 200-mesh, 
40.6-jum (0.0016-in.) wire diameter, stainless -steel screens. The 
layers of screen are carefully alined with alternate layers rotated about 
4® to provide the maximum heat transfer and minimum flow loss. The 
screens are retained in a thin-walled, electro-deposited, nickel canister, 
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which is fastened to the cooler by roll forming the edge of the canister 
into a groove in the cooler. A split ring is placed in the groove to pre- 
vent the edge from unrolling when the cartridge is removed from the 
cylinder assembly. The split ring is not shown in this picture. 

The cooler-regenerator cartridges are installed through eig^it 
openings around the bottom of the cylinder assembly. Each cartridge 
is backed by a retainer assembly consisting of (1) a spacer, which 
provides a connecting passage from the cooler to the compression 
space, (2) a snap ring to hold the spacer in the cylinder, and (3) a 
cover plate, which keeps the snap ring in proper position and prevents 
it from deforming when the engine is pressurized. 

0-rings are used to seal the working gas from the cooling water 
pasages. The cross section of the installation is shown in figure 2, 
and the arrangement of the components in the cylinder assembly are 
shown in figure 3(b). 

Air preheater and combustor assembly . - The air preheater and 
combustion chamber (fig. 6(a)) are combined in one assembly which 
mounts on top of the cylinder assembly. 

The counterflow preheater is made of vertical rows of horizontal 
tubes separated by vertical baffles. The tubes and baffles are arranged 
in spiral fashion radiating from the inside diameter of the preheater to 
its outside diameter. The entire assembly is made of stainless steel. 

Figure 6(b), a cross section through the preheater -combustor as- 
sembly, indicates the airflow path through the preheater and combustor. 
Air enters the bottom of the preheater on the outside diameter. A plenum 
chamber distributes the air around the base of the preheater. The air is 
then distributed vertically through 16 passages which serve as headers. 
Then it flows between tlie baffles picking up heat from the tubes as it 
flows inward along a spiral path. Another set of 16 passages at the in- 
side diameter collect the heated air and channel it to a plenum at the top 
of the preheater. This plenum feeds the heated air into the combustion 
chamber. The hot exhaust enters the tubes at the inner diameter of the 
preheater and flows outward on a spiral path to an annular space at the 
outer diameter of the preheater and then upward through the end of the 
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annulus to the atmosphere. This preheater configuration is one of 
several investigated by GMRL. These are discussed in some detail 
by Percival (ref. 2). 

The combustion chamber is mounted inside the preheater. Fuel 
is atomized by the fuel nozzle through use of a separate atomizing air 
circuit fed by two small, vane type air pumps. The atomized fuel is 
mixed with the preheated combustion air and is burned in the combus- 
tion chamber. A special spark plug is provided to initiate combustion. 
Once combustion is started, the spark plug is deenergized. Burner de- 
sign and development are discussed in reference 2. GPU 3 exhaust 
emissions with and without exhaust -gas recirculation were reported 
by researchers at Wayne State University (refs. 4 and 5). 

Piston s , sh afts, a nd se als. - Figure 7 shows the displacer and 
power pistions assembled with their respective shafts, which are con- 
nected to the rhombic -drive mechanism through the power-piston and 
displacer-piston yokes. Both shaft seal assemblies are also shown. 

The displacer shaft passes through the hollow power-piston shaft. 

The displacer shaft is tinplated at its lower end and is connected to 
its yoke with an interference fit to insure that the shaft is perpendicular 
to the centerline of the displacer yoke pins. This is necessary to in- 
sure shaft seal alinement. The power piston is attached to its yoke 
with a hollow pin. This allows the driving force to be divided equally 
between the two crank shafts, while allowing the shaft to be guided by 
a bushing just below the power-piston seal. 

Shaft s eals . - The GPU 3 engine uses sliding seals on both the 
displacer and power-piston shafts., Figure 7 shows the cross section 
through the seals, and figure 8 is a photograph of the displacer shaft 
and its seal parts. 

The shaft seals for the GPU 3 were made by GMRL using their 
own Buna-N (nitride) formulation. The seal has a T-shaped cross 
section and uses phenolic antirolling shields (backup rings) on either 
side. The design of the seal is very similar to the Palmetto GT seal 
manufactured by Greene Tweed & Company. 

A Disogrin rod wiper is installed below each seal to help prevent 
crankcase oil from passing tlirough the rod seals. To insure rod 
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alinement with each seal, a Glacier ”DIT* guide bushing is located 
between the seal and the wiper. In the lower seal assembly, a spring 
loaded Teflon cap seal is mounted above the T-seal to reduce the pres- 
sure differential across the power-piston seal. The cap seal is mounted 
so that it acts as a check valve, allowing flow out of the space between 
seals thereby exposing the T>seal to a relatively constant pressure ap- 
proximately equal to the minimum buffer-space pressure. 

Later versions of the GPU 3 engine made use of rollsock seals 
similar to those used by N. V. Philips. The seal work done at GMRL 
is described in reference 2. 

Piston seal rings . - The piston seal rings are shown in cross sec- 
tion in figure 7. Figure 9 is a photograph of the GPU 3 pistons and a 
set of piston rings. The seals for the displacer piston and power piston 
to the cylinder is accomplished using square-cut, Rulon LD piston rings. 
The rings are made up of an inner and an outer ring. The inner ring, 
which has square ends having a metal-coil -compression spring set into 
the end gap, expands to force the outer ring against the cylinder wall. 
The outer ring has a stepped end gap. The two rings are kept in aline- 
ment by a small metal pin so that the end gaps are 180° apart. Two 
sets of piston rings are used on each piston. The rings are radially 
grooved on one face. Each set of rings is installed with the grooves 
facing the other set. The grooves cause the rings to act as check valves 
thereby tending to build up pressure in the space between the rings. 

This pressure exerts a radial force on the rings and improves their 
sealing capacity. On the displacer piston the upper rings are smooth 
(not grooved) to prevent hot gas flow past them. 

Engine oil system . - The engine oil system supplies oil for lubri- 
cation as well as the energy for operation of the engine controls. A 
positive displacement pump geared directly to one of the output shafts 
supplies oil at about 0.4 MPa (60 psig). A straight SAE lOW oil, with- 
out additives, is used to minimize deterioration of the elastomeric 
seals. This system is somewhat complex and since it is not pertinent 
to our discussion of the basic Stirling engine, it will not be given any 
further discussion. 
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Engine controls. - Control of the GPU 3 is accomplished through 
unique hydromechanical devices. Two independent control systems 
are used: one to maintain nominal heater temperature at 950° C 
(1250° F) and one to maintain engine speed at 3000 rpm. Both controls 
have manual adjustments to change the set point within a narrow range. 
Safety devices are also provided to override the normal controls in the 
event of heater overtemperature or engine overspeed. . 

Heater-tube temperature control . - Figure 10 is a greatly simpli- 
fied schematic diagram of the heater -tube temperature control. 

Bimetallic temperature sensors are mounted within two of the special, 
larger-diame+er heater tubes. (See section Heater tubes . ) The posi- 
tion of the rod protruding from the bottom of each sensor is proportional 
to the heater-tube gas temperature. One of the bimetallic sensors mech- 
anically positions the gas temperature-controlled fuel valve, thereby 
controlling the fuel flow. As the temperature rises toward the desired 
heater -tube gas temperature (950° C, 1250° F), the fuel flow rate drops; 
as the temperature drops from the desired temperature, the fuel flow 
rate rises. The second bimetallic sensor actuates the fuel cutoff valve: 

If the heater-tube gas temperature exceeds 990° C (1320° F) this valve 
closes the control oil supply line causing the shutoff valve to close and 
the engine to make a normal stop. 

Speed c ontrol. - Figure 11 is a simplified diagram of the speed- 
control system. Hydrogen gas, sufficient to supply the needs of the 
GPU for extended operation, is stored in a high-pressure tank. The 
tank is initially charged to about 13.8 MPa (2000 psig). A supply pres- 
sure regulator within the hydrogen-control mainfold limits maximum 
hydrogen supply pressure to the engine to 6.9 MPa (1000 psig). 

A flyball governor is used to sense engine speed. The governor 
regulates tlie control- oil pressure, which actuates the governor- 
actuated hydrogen valve. If the engine speed is below 3000 rpm, the 
governor causes the valve to increase the pressure in both the com- 
pression and buffer spaces by allowing flow from the high-pressure 
storage tank to the engine. If the speed is too high, the governor 
causes the valve to vent, both engine spaces to the hydrogen compressor. 
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which pumps the hydrogen back into the high-pressure storage tank. 

Since the hydrogen compressor capacity is not adequate to reduce en- 
gine power quickly, the governor-actuated hydrogen valve provides a 
bypass between the working space and buffer space to assist governing 
during sudden load decreases. 

An overspeed device is built into the speed governor. It prevents 
operation at speeds above 3450 rpm. If this speed is exceeded, the 
control-oil pressure to the hydrogen overspeed bypass valve is cut off 
This opens the valve, reducing the engine power, and prevents further 
increase in speed. In addition, control-oil pressure is dumped, thus 
causing the fuel flow to be cut off and the engine to come to a normal 
stop. 

Auxiliary systems . - Several auxiliary components are grouped 
and mounted in one assembly (fig. 12(a)). These include the combus- 
tion air blower, two vane type fuel-atomizer air pumps, the magneto^ 
and fuel pump. They share a drive system which is powered by either 
of two methods: (1) a pulley on the front of the engine through an over- 
running clutch or (2) the hand starting crank. To insure adequate air- 
flow, both atomizer pumps are driven during startup. But only one 
operates when driven by the engine. The cooling -water pump (fig. 12(b)) 
and radiator fan (fig. 12(a)) are driven directly from a pulley on the 
front ot the engine. These rotate only when the engine output shaft is 
rotating. A tachometer to read engine rpm and an engine total-run- 
time meter were also included with the original unit. Figure 12(b) shows 
the gages and meters installed on the GPU 3 as it was received at Lewis. 

Engine startup system . - Although earlier versions of the GPU 
used an electric si .rter, the GPU 3 is started by hand. This change 
was made to reduce its weight. A hand cra»^k located at the alternator 
end of the unit (fig. 12(a)) is used initially to rotate the engine to place 
the power piston at top dead center (TDC) thus positioning the engine 
at the beginning of the expansion stroke. Once the power piston is 
properly positioned, the crank is used to rotate the combustion air 
blower, fuel atomizing air pumps, fuel pump, and spark magneto. 

This provides the means to warm up the heater tubes. Selection of the 
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functioii of the hand crank is made by manual engi^ment of either of 
two hand clutches (not visible in the figures). The power-piston posi- 
tioning mechanism disengages automatically when the power piston is 
at TDC. The gearbox clutch is disengaged automatically when die en- 
gine takes up the torque load fo^ the auxiliaries drive. 

When the gas temperature in the heater tubes is at the normal 
operating temperature of 950 K (1250° F), the starting pull cable Otig- 
12(b)) is pulled. The pull cord, which is attached to a recoil mech- 
anism similar to diose used on lawn mowers, rotates the crank shafts 
and moves the pistons. As the ei^ine speed builds, the combustion 
system drive is taken over by the engii^ through the overrunning clutch, 
the gearbox clutch disengages, and toe haiKl cranking is discontinued. 

Instrumentation 

The GPU 3 Grourd Power Unit came to Lewis fitted with Bourdon 
tube pressure gages, electrical meters, and thermocouples. Table n 
lists toe parameters measured, the type of instrument used and toe 
range of reading. The pressures were read on separate gages. The 
thermocouples were read on two meters, one for heater-tube gas tem- 
perature and one for the remaining temperatures. The thermocouple 
to be read on the second meter was determined by positioning a selectoi 
switch. 

Figure 13 shows toe GPU 3 as it was tested at Lewis. Table m 
lists toe instrumentation added to the GPU 3, its type and range. 

Several pressure gages were relocated to toe gSLge panel on the operator 
side of the unit. (All instrumentation used during these tests read in 
U. S. Customary units.) 


Test Setup 

The test setup for the i testing of toe GPU 3 Is shown in fig- 
ure 14. Although our inter .3 primarily with toe engine, the complete 

GPU 3 unit, with only minor modification, was tested to minimize the 
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facility support systems. Some modification was required to circum- 
vent operational problems and facilitate testing. The following changes 
were made to the GPU 3 for the initial tests. 

(1) Two externally mounted fuel tanks with nitrogen pressurization 
were substituted for the original self-contained tank and fuel pump. 

These t anks were connected to the engine through a selector valve which 
allowed use of the smaller tank for startup and between data points, and 
use of the larger during the gathering of data. This was done to provide 
a means for determining the fuel consumption. The fuel tank used during 
the data runs is shown in figure 14 on the lower level of the test stand on 
the right hand side. 

In addition, chronic malfunction of the temperature control made it 
necessary to install a manually adjusted needle valve in the nozzle fuel 
line. The overtemperature fuel cutoff system appeared to operate and 
was left intact. Tiie fuel-control needle valve is shown in figure 13 on 
the upper gage panel. 

(2) The high-pressure-hydrogen tank (see fig. 13) was not used. 

An external, gas -supply panel was made up to control the supply of 
either hydrogen or helium directly to the hydrogen-supply regulator 
on the hydrogen -control manifold. The gas supply panel is shown on 
the right of the test stand in figure 14. The hydrogen compressor was 
disconnected, and the hydrogen vent, which would normally be connected 
to the compressor, was tied directly to an atmospheric vent. 

(3) A leak developed in the original oil cooler, which was located 
inside the cooling -water radiator. To avoid complicated repair, an 
external oil cooler was installed in front of the water radiator. The 
connections to the original oil cooler were capped to prevent loss of 
coolant. 

(4) The alternator output power was absorbed by the separate re- 
sistance load bank shown at the left of figure 14. Engine load was 
changed by varying the resistance of the Ir *^ank. A voltage regulator 
mounted on the GPU maintained the volts 30 volts. The regulator 
was not altered for these tests. 
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( 5 ) A hood was installed over the generating unit to prevent hydrogen 
accumulation as well as to remove the combustion products from the test 
area. 

Figure 15 is a simplified schematic diagram of the GPU 3 test setup. 
It shows the major engine components and indicates the instrumentation 
used during the tests. 

Test Procedure 

The GPU 3 was installed in the test stand (fig. 14), and the various 
systems and instrumentation were connected (fig. 15). The hydrogen 
or helium supply was set. The ei^ine was then purged of air by alter- 
nate pressure- vent cycles of the working and buffer spaces, first with 
heliiun and then with hydrogen, if hydrogen was to be the working fluid. 
The fuel tanks were filled with No. 1 diesel fuel. The run tank was 
weighed, and then both tanks were pressurized to about 1. 86 MPa 
(27 psig) with nitrogen gas. The startup tank was valved to the engine. 
The electrical load on the alternator was set at zero. 

The engine was then rotated using the hand crank to position the 
power piston at top dead center. The control-oil pressure accumulator, 
which is contained in the control oil mainfold, was then pumped up using 
the small hand-actuated pump, also located on the control-oil mainfold. 
The engine was then pressurized with helium or hydrogen gas to about 
3.45 MPa (500 psig). 

Next, the combustion system was started. The manual clutch in 
the gearbox was energized, and the hand crank rotated to start the com- 
bustion-airflow and spark. Fuel flow was controlled by adjustii^ the 
fuel needle valve. When the heater-tube temperature reached approxi- 
mately 704® C (1300° F), the pull cable was pulled, and the engine 
began rotating. Once the engine attained sufficient speed to overtake 
the overrunning clutch, the cranking was stopped. The engine pressure 
control was then allowed to operate normally with the speed governor. 
The engine speed increased to the normal 3000 rpm. Warmup to normal 
operating temperatures required about 15 minutes. The resistance of 
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the load bank was then adjusted to load the engine as desired. The 
speed-governor system automatically adjusted engine pressures to 
maintain constant 3000 rpm. The heater-tube gas temperature was 
controlled manually by adiusting the fuel needle valve. When necessary, 
the speed governor was adjusted to the correct speed. The engine was 
allowed to stabilize for about 15 minutes. The run fuel tank was then 
valved to the engine and the time noted. A data reading was taken of 
alternator voltage and current and of all other instruments after 5 min- 
utes had passed. A seconu reading was taken after 10 minutes. After 
15 minutes the fuel supply was switched back to the startup tank. The 
fuel tank was then weired on the balance scale. The amount of fuel 
used was determined by comparing the initial and final weights of the 
tank. This procedure was repeated for each data point. A series of 
load points were run at 3000 rpm with helium as the working fluid and 
then with hydrogen. The heater-tube temperature was maintained at 
677® C (1250® F) for all tesUng. 

The indicated heater-tube -gas temperature varied sli^tly because 
of the method of control but never was farther than ±5.6 C® (±10 F®) 
from 677® C (1250® F) for all data points. 

The cooling -w ate ~ temperature was not controlled. For the helium 
tests the cooling-water-inlet temperature ranged from 27® to 43® C 
(80® to 109° F). The water temperature tended to increase as the 
alternator load increased. The thermocouple used to monitor the 
water-inlet temperature failed to operate during the hydrogen testing; 
therefore, it was not recorded during that portion of testing. 

RESULTS AND DISCUSSION 

The results of the initial GPU 3 tests with helium or hydrogen as 
the working gases are presented in two ways: (1) those related to the 
overall engine-generator system and (2) those related to just the en- 
gine. Our data are compared with heretofore unpublished Army data 
taken in 1966. Selected data from the Lewis tests are listed in tables 
IV and V; Army data are given in tlie appendix (p. 19). Both the Lewis 


and the Army data contained in these tables were originally read in 
U.S. Customary units; they have been converted to the SI System for 
reporting purposes. All of the Lewis data were dtitained with the 
alternator loading the engine. Since most of the Army testing was 
done to verify system endurance, only a small portion of their data, 
representing the extremes in GPU 3 performance, are presented. 
These data include two sets of data with alternator and one set with 
the engine loaded with a dynamometer. The maximum power absorb- 
ing capability of the alternator is about 3 kW (5 hp). The Army dyna- 
mometer test data showed the engine to be capable of producing 
5. 97 kW (8 hp). The overall GPU 3 system results are presented in 
figures 16 and 17. 

Figure 16 shows the alternator output as a function of mean com- 
pression-space pressure. Curves of Lewis data are plotted for both 
helium and hydrogen. Two sets of Army hydrogen test data are also 
plotted for comparison. The maximum alternator output of 2. 59 kW 
(3. 48 hp) with hydrogen occurred at 5. 00 MPa (725 psig). The maxi- 
mum alternator output with helium at about the same pressure was 
1. 33 kW (1. 79 hp), or about half the hydrogen ou^Hit. The pressures 
for the no-load condition (1.76 MI^ (255 psig)' for hydrogen and 
2.69 MPa (390 psig) for helium) indicate that a considerable portion 
of the power is needed to drive the engine auxiliaries and to overcome 
windage and friction. 

The Army data with hydrogen indicated higher alternator output 
for a given mean compression-space pressure than the Lewis data. 
This was the case over the entire operating range. At 4. 90 MPa 
(710 psig) the output during the army tests was about 3 kW (4 hp) or 
about 0. 45 W (0. 6 hp) above that measured in the Lewis tests with 
hydrogen. The lower output power for the same pressure is probably 
due to excessive leakage past the power piston rings. A new piston 
had been made after the discovery of a crack in the original piston. 
Through an oversight, the new piston was made according to the latest 
revised drawing rather than as originally fabricated. As a result, the 
ring grooves were made too wide. An attempt to salvage the piston by 
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repairing the ring grooves resulted in a poor surface finish on the 
faces on which the ring was to seal. Another factor that may have 
contributed to the lower power was the deterioration and partial block- 
age of the regenerators. 

Figure 17 shows the overall system SFC with alternator output for 
hydrogen and helium. The minimum SFC with hydrogen was 669 gAW*hr 
(1. 1 lb/hp*hr) and occurred at slightly less than 2.4 kW (3.2 hp). The 
Army tests yielded slightly higher SFC over most of the power range. 

At about 2.6 kW (3.5 hp) the SFC s for both tests were about 670 gAW*hr 
(1. 1 Ib/hp-hr). Minimum SFC observed by the Army was 623 g/kW*hr 
(1.02 Ib/hp. hr) at 3 kW l4 hp) The Lewis tests were run with heater- 
tube gas temperature between 67 1*^ and 682® C (1240® and 1260® F) arkl 
cooling -water temperatures from 27® to 43® C (80® to 110® F). The 
Army tests of June 1966 were run with the heater -tube gas temperatures 
between 649® and 666® C (1200® and 1230® F) and with the cooling -water 
temperatures ranging from 48® to 56® C <,H8® to 132® F). The July 
1966 army tests were conducted with the heater temperature lowered to 
between 593® and 607® C (1100® and 1125® F) with the cooling -water 
temperatures ranging from 46® to 60® C (115® to 140® F). 

The Carnot efficiencies determined by these temperatures are 
consistent with the ranking of the system SFC observed in the Lewis 
and Army tests. However, the relative values of SFC appeared to be 
more sensitive to the operating temperatures than would be predicted 
by the relative Carnot efficiencies. 

The data required to make a detailed heat balance were not taken; 
therefore, it is not possible to determine how much of the difference 
in SFC could be attributed to operating temperature and how much to 
the difference in parasitic load caused by removal of the fuel pump 
and hydrogen compressor in the Lewis tests. Although neither of 
these parasitic loads is a large power consumer, their removal may 
have produced the same order of magnitude SFC changes as the oper- 
ating temperatures. 

The minimum SFC with helium was 1274 g/kW*hr (2. 1 lb/hp*hr) 
at about 1. 3 kW (1.8 hp) It appears that the SFC could be even lower 
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at a higgler alternator output, but the limitation of the operating pres- 
sure precluded further testing. 

This represents a 39 percent increase in SFC over the SFC for 
hydrogen at 1.3 kW (1.8 hp). The Lewis computer model (ref. 6), 
which does not include combustion or mechanical losses, indicates 
that the SFC with helium should be about 12 percent higher than the 
SFC with hydrogen. 

Recently acquired, previously unpublished GMRL reports indicate 
that the GPU 3 performance with helium was far below that predicted 
by their engine analysis program. They found that the piston-ring 
friction was affected by the working gas. When using the same set of 
piston rings in the test rig and changing only the gas, the power required 
to drive the rig with hydrogen and nitrogen was the same, but more 
power was required to drive the rig with helium. 

The engine brake horsepower was calculated from the alternator 
output by making use of alternator efficiency data also obtained from the 
Army. Figure 18 shows alternator efficiency at 3000 rpm with the out- 
put voltage regulated to 30 volts. 

Figure 19 shows die engine brake output power as a function of 
mean working pressure for both helium and hydrogen. The range of 
Army data for hydrogen is also plotted for comparison. The upper 
boundary of the Army data is dynamometer data taken in February 1966; 
the lower boundary is alternator data oWained in July 1966. The engine 
power in the Lewis tests fell slightly below the range for the Army tests. 
The maximum output with helium was 1.68 kW (2.25 hp) and with hydro- 
gen 3, 27 kW (4. 39 hp). Both maximums were obtained at a mean 
compression-space pressure of about 5 MPa (725 psig). The difference 
in brake horsepower between operating with helium and operating with 
hydrogen was 1.60 kW (2. 14 hp). The Lewis computer model predicted 
a 1.42-kW (1.9-hp) decrease in power when operating with helium. 

The maximum power from the Army test data, using a dynamometer 
load, was 6 kW (8.04 hp) at a mean compression-space pressure of 
6.9 MPa (1000 psig) and heater-tube gas temperatures from 680° to 
706° C (1256° to 1302° F). 
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The engine BSFC’s with hydrogen and with helium are shown in 
figure 20 as a function of engine brake output. Comparison is made 
with the range of BSFC observed during the Army tests. The BSFC 
observed during the Lewis tests with hydrogen tended to fall within the 
range of the Army data, as would be expected from the operating tem- 
peratures. The Lewis helium data tended toward the upper limits of 
the range of Army data. The hi^er fuel consumption with helium 
gives some indication of the increase in internal windage losses. 

CONCLUDING REMARKS 

This limited investigation provides some of the dimensional and 
experimental information needed to evaluate a computer model of a 
Stirling engine. This work is expected to continue so as to provide a 
body of Stir ling-engine test data for validation of computer models, 
such models to provide the basis for formulation of specific design 
criteria for advanced Stirling engines. 

As presently planned, the GPU engine will be reworked into a re- 
search engine configuration. Auxiliary components such as the com- 
bustion air blower, fuel pump, and so forth will be removed and re- 
placed with facility items. Engine components, such as the cooler- 
regenerators, that are worn will be replaced. The engine will be 
extensively instrumented. 

Future work may also include testing of advanced component con- 
cepts. The GPU engine testing will continue until a more suitable re- 
search tool is available. Such a tool, the Stirling general purpose 
test engine, is now being designed. 
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APPENDIX - ARMY TEST DATA 


TABLE />-I. - DYNAMOMETER TESTS OF rEBHLAHY 1»66 

[ Woiktng Quid, hydrogeni opentlug q>Md, 3000 rpmi fuel, JF4i tUel lower 
heating value, 43 073 J/g (18 830 B(u/lb).) 



TABLE A-n. - SYSTEM TESTS OF JUNE 1966 


[Working fluid, hydrogeni operating speed, 3000 rpmi hiel, Dr.i fuel lower beating value, 43 070 J/g 
(18 5 30 BtuAb).[ 


Meftn 

working 

pressure 

Cooling' 
wmter inlet 
temperature 

Heater-tube 

g*8 

temperature 

Alternator output 

1 

Alternator 

efficiency 

Engine 

output 

1 

Fuel 

Cow 

System 

SFC 

1 

Engine 

BSFC 

SI units 

MPa 

°c 

°c 

V 

A 

kW 

percent 

kW 

gAr 

gAW • hr 

gAW • hr 

4.90 

54 

643 

30 

100 

3.00 

79.0 

3.797 

1901 

634 

501 

4.36 

52 

654 

30 

90 

2.70 

79.5 

3.396 

1774 

657 

522 

3.56 

49 

663 

30.1 

71 

2.14 

80.0 

2.671 

1500 

729 

584 


48 

666 


49.5 

1.50 

80.0 

1.875 

1319 

919 

735 


48 

666 


26 

.796 

78.0 

1.021 

1188 

1492 

1164 












4.81 

54 

649 

30.2 

98 

2.96 


3.747 

1869 

631 

499 

4.83 

56 

649 

30.3 

99 

3.00 

■Si 

3.797 

1869 

623 

492 

U.S. customary units 

pelg 

»F 

°F 

V 

A 

hp 

percent 

hp 

IbAr 

Ib/hp • hr 

lb/)q> • hr 

710 

130 

1190 

30 

100 

4.023 

79.0 

5.092 

4.19 

1.042 

0.823 

632 

126 

1210 

30 

90 

.3,621 

79.5 

4,555 

HjU 

1.080 

.858 

517 

121 

1225 

30.1 

71 

2.866 

80.0 

3.583 


1.200 

.960 


118 

1230 

30.3 

49.5 

2.012 

80.0 

2.515 

3.04 

1.511 

1.209 


118 

1230 

30.6 

26 

1.067 

78.0 

1.36B 

2.62 

2.455 

1.915 












698 

130 

1200 

Q 

30.2 

98 

3.969 


5.024 

4.12 

1.038 

.820 


132 

1200 

30.3 

99 

4.023 

■SB 

5.092 

4.12 

1.024 

.809 





















































































TABLE A-m. - SYSTEM TESTS OF JULY IM6 


I WorkiAg fluldt hydrogBni opar%tlng ^eed, 3000 rpmt fuel, CTTEt lower hetang value, 43 070 J/g (18 530 Btu/lb).) 
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TABLE I. - GPU 3 ENGINE DIMENSIONS AND PARAMETERS 


Number of cylinders 


Type of engine 


Drive 


Working fluid 


Design speed, rpm 


Design mean compression-space pressure, MPa (psig) , . 


Design brake output power, kW (lg>) 

6(8) 

Design heater-tube gas temperature, °C (‘^F) 


Design cooling-water-lnlet temperature, (*F) 


Cylinder bore, cm (In.) . 


Stroke, cm (in.) 


Displacement (maximum change in total working 


space volume), cm^ (In. ^ 

119.6(7.30) 

Dib.ilacer rod diameter, cm (In.) 

. . . . 0.953 (0.375) 

Piston rod diameter, cm (In. ) 

. . . . 2.223 (D.875) 

Cooler: 


Tid>e length, cm (In.) 

4.470 (1.76) 

Heat-transfer length, cm (in.) 

3.480 (1.37) 

Tube inside diameter, cm (in.) 

0.102 (0.040) 

Tube outside diameter, cm (in.) 


Number of tubes per cylinder 

; 312 

Number of tubes per cooler 


Heater: 


Mean tube length, cm (In.); 


Regenerator side 


Cylinder side 

11.63 (4.58) 

Heat-transfer length, cm (in.) 

7.772 (3.06) 

Tube inside diameter, cm (in.) 

. . . . 0.302 (0.119) 

Tube outside diameter, cm ^.) 

. . . . 0.483 (0.190) 

Number of tubes per cylinder 

80 

Regenerators: 


Length (inside), cm 0n. ) 

2.260 (0.89) 

Diameter (Inside), cm (in.) 

2.260 (0.89) 

Number per cylinder 


Matrix; 


Wire cloth material 

. . 304 stainless steel 

Cloth mesh, per 2.5 cm (1 in.) 


Wire diameter, pm (In.) 

. . . . 40.64 (0.0016) 

Number of layers 


Filler factor, percent 


Drive: 


Connecting rod length, cm (In.) 


Crank radius, cm (In.) 


Eccentricity, cm ^.) 




TABLE II. - INSTRUMENTATION ORIGINALLY SUPPLIED WITH GPU 3 


Item 

Parameter 

Instrument 

Rar.ge 

1 

Hydrogen bottle pressure 

Gage 

0 - ;1000 psig 

2 

Hydrogen supply pressure 

Gage 

0 - 1500 psig 

3 

Oil pump pressure 

Gage 

0 - 100 psig 

4 

Compression-space mean pressure 

Gage 

0 - 1000 psig 

5 

Buffer-space mean pressure 

Gage 

0 - 1500 psig 

6 

Nozzle fuel pressure 

Gage 

0-15 psig 

7 

Engine oil pressure 

Gage 

0 - 100 psig 

8 

Fuel pump pressure 

Gage 

0-30 psig 

9 

Heater-tube pts temperature (2) 

Thermocouple 

0 - 1500“ F 

10 

Compression-space temperature 

Thermocouple 

0 - 500° F 

11 

Oil sump temperature 

Thermocouple 

0 - 500° F 

12 

Water-inlet temperature 

Thermocouple 

0 - 500° F 

13 

Alternator output voltage 

Voltmeter 

0 - 30 V dc 

14 

Alternator output current 

Ammeter 

0 - 150 A 

15 

Buffer-space gas temperature 

Thermocouple 

0 - 500° F 

16 

Engine speed (not operable) 

dc generator 

2600 - 3200 rpm 


TABLE in. - INSTRUMENTATION ADDED TO GPU 3 


Item 

Parameter 

Instrument 

Range 

17 

Water-outlet temperature 

Thermocouple 

0 - 500° F 

18 

Preheater air-inlet temperature 

Thermocouple 

0 - 500° F 

19 

Combustion-blower outlet pressure 

Gage 

0 - 35 in water 

20 

Fuel nozzle atomizing air pressure 

Gage 

0-15 psig 

21 

Governor oil control signal pressure 

Gage 

0-60 psig 

22 

Cooling-water supply pressure 

Gage 

0-15 psig 

23 

Engine speed 

Pulse type with 
frequency meter 





TABLE IV. • LEWB OPU S TEST QAtA WITK BTiaiOaBN WORIONO FLUID 


I OpvrMiBf VMd, 3000 rpmi Aid, No. 1 dlotoli AmI lowor hMUaf vmliM, 43 107 J/g 
(13 5S4Btu/n>).J 


Mean 

worldag 

preeoure 

Heelar-lube 

g»* 

tompereture 

Altamatar output 



Alteruelor 

•(Oetoaey 

Eaglne 

output 

I\m1 

Dow 

Qirotem 

8FC 

Engine 

BSIC 

a lUttM 

Mpm 

»c 

V 

A 

kW 

P«r06Bt 

kW 

g/hr 

g/W . hr 

g/kW • hr 

1 JA 

674 









1.86 

671 

39.0 

6 

.174 

72.4 

0.340 

799 

4503 

3339 

1.03 

674 

23.5 

11 

.325 

73.7 

.441 

872 

2883 

19H 

3.05 

674 

39.5 

16 

.487 

75.0 

.849 

1024 

21GJ 

1578 

3.31 

677 

30.5 

26 

.767 

77.3 

.004 

1068 

1302 

1074 

2.71 

874 

20.0 

36 

1.044 

78.6 

i.;a8 

1064 

1019 

801 

3.00 

677 

29.3 

46 

1.348 

79.0 

1.706 

1236 

917 

735 

3.36 

677 

29.3 

55 

1.612 

80.0 

2.015 

1304 

809 

647 

3.00 

674 

29.5 

69 

2.036 

60.3 

2.535 

1«78 

725 

582 

4.45 

677 

29.1 

81 

2.357 

80.0 

2.946 

1576 

669 

535 

5.00 

677 

28.5 

91 

2.594 

79.3 

3.271 

1768 

682 

541 

U.8. eaalomary unite 

1 

P«l( 

®F 

V 

A 

hp 

percent 

bp 

Ib/hr 

Ib/hp • hr 

Ib/hp • hr 











270 

1240 

29.0 

6 

.333 

72.4 

0.?92 

1.762 

7.562 

5.472 

380 

1245 

29. S 

11 

.435 

73.7 

.590 

1.922 

4.4U 

3.256 

297.5 

1245 

20.5 

16 

.652 

75.0 

.869 

2.257 

3.462 

2.597 

335 

1250 

29.5 

26 

1.028 

77.2 

1.'32 

2.354 

2.290 

1.767 

392.5 

1245 

29.0 

36 

1.399 

78.6 

1.780 

2.346 

1.677 

1.318 

435 

1250 

29.3 

46 

1.807 

79.0 

2.287 

2.726 

1.508 

1.192 

487.5 

1250 

29.3 

55 

2.160 

80.0 

2.700 

2.875 

1.331 

1.066 

565 

1245 

29.5 

69 

2.729 

80.3 

3.399 

3.254 

1.192 

.957 

645 

1250 

29.1 

81 

3.160 

80.0 

3.050 

3.474 

1.099 

.879 

725 

1250 

28.5 

91 

3.477 

79.3 

4.385 

3.896 

1.121 

.889 


TABIX V. - LEWIS GPU 3 TEST DATA WTTH HELIUM WORKING FLUID 


(OpenUng ^loed, 3000 rpmi AmI, No. 1 dteoeli AnI lower heetliig vUue, 43 197 J/g (18 564 Btu/lb).J 


Mean 

working 

preaaure 

Cooling- 
water inlet 
temperature 

Heater- tube 

sat 

tanrMrature 

Alternator output 

Alternator 

efficiency 

Engine 

output 

Fuel 

How 

c^item 

SFC 

Engine 

B8FC 

SI unite 

MPa 

®C 

®C 

V 

A 

kW 

percent 

kW 

k/hr 

g/kW • hr 

g/kW hr 












2.81 

28 

677 

20.0 

7 

.2P'* 

72.8 

0.279 

1160 

6714 

4158 

3.09 

32 

679 

29.0 

12 

.348 

73.9 

.471 

1197 

3440 

7541 

3.33 

29 

677 

29.0 

17 

.493 

75.3 

.855 

1208 

2829 

979 

3.67 

32 

662 

29.0 

27 

.783 

77.4 

1.012 

1436 

1834 

1419 

4.22 

37 

679 

29.0 

36 

1.044 

78.9 

1.323 

1506 

1444 

1140 

5.02 

43 

677 

29.0 

46 

1.334 

79.5 

1.678 

1700 

1274 

1013 




U.S. 

cuatomaiT unita 





palg 

®F 

»F 

V 

A 

hp 

percent 

bp 

Ib/hr 

Ib/hp • hr 

Ib^ * hr 




in 








407.5 

82 

1260 

m 

7 

.272 


0,374 

2.657 

9.401 

6.837 

447,5 

90 

1255 

29.0 

12 

.466 



2.840 

6.773 

4.154 

482.5 

85 

1250 

29.0 

17 

.661 

76.3 


2.857 

4.322 

3.254 

532,5 

80 

1260 

29.0 

27 

1.050 

77.4 


3.166 

3.015 

2.335 

612.5 

96 

1255 

29.0 

36 

1.399 

78.9 


3.325 

2.377 

1.874 

727,6 

109 

1250 

29.0 

46 

1,788 

79.5 

2.249 

3.748 

2.098 

1.887 
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Figure A. ■ Tempereture-activated fuel-control valve. 
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Fioure 5. - Cooler-rtqenerator carlridoe asembly. 



—fuel alomizinq 

Sparkplug fuel fhut-o«l valve 
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Air pumps 


Over riding 
clutch 
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GPU 3 as-received at Lewis. 
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Fuel-control 
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Figure 13. - GPU as tested. 










InstrumenttioD: 



Figure 15. - Test schemtic. 
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Figure 16. - GPU 3 alternator output versus mean working pressure 
at 3000 rpm. 
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Figure 17. - GPU 3 system specific fuei consumption 
versus ilternator output at 3000 rpm. 
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Figure 18. - Alternator efficiency versus load at 30 volts anci 3000 
rpm. 
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Figure 19. - GPU 3 engine output versus mean working pressure. 
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Fi^ire 20. - Gi*U 3 specific fue! on sumption versus enyne output. 


